Pseudomonas syringae pv. tomato strain DC3000, a pathogen of tomato and Arabidopsis, occurs as an epiphyte. It produces N-acyl homoserine lactones (AHLs) which apparently function as quorum-sensing signals. A Tn5 insertion mutant of DC3000, designated PsrA ؊ (Psr is for Pseudomonas sigma regulator), overexpresses psyR (a LuxR-type regulator of psyI) and psyI (the gene for AHL synthase), and it produces a ca. 8-fold-higher level of AHL than does DC3000. The mutant is impaired in its ability to elicit the hypersensitive reaction and is attenuated in its virulence in tomato. These phenotypes correlate with reduced expression of hrpL, the gene for an alternate sigma factor, as well as several hrp and hop genes during early stages of incubation in a Hrp-inducing medium. PsrA also positively controls rpoS, the gene for an alternate sigma factor known to control various stress responses. By contrast, PsrA negatively regulates rsmA1, an RNA-binding protein gene known to function as negative regulator, and aefR, a tetR-like gene known to control AHL production and epiphytic fitness in P. syringae pv. syringae. Gel mobility shift assays and other lines of evidence demonstrate a direct interaction of PsrA protein with rpoS promoter DNA and aefR operator DNA. In addition, PsrA negatively autoregulates and binds the psrA operator. In an AefR ؊ mutant, the expression of psyR and psyI and AHL production are lower than those in DC3000, the AefR ؉ parent. In an RpoS ؊ mutant, on the other hand, the levels of AHL and transcripts of psyR and psyI are much higher than those in the RpoS ؉ parent, DC3000. We present evidence, albeit indirect, that the RpoS effect occurs via psyR. Thus, AefR positively regulates AHL production, whereas RpoS has a strong negative effect. We show that AefR and RpoS do not regulate PsrA and that the PsrA effect on AHL production is exerted via its cumulative, but independent, effects on both AefR and RpoS.
Pseudomonas syringae pv. tomato sustains its life style as a pathogen, as an epiphyte, and as a commensal (18) . The alternating lifestyles of these bacteria (i.e., switches from commensal to epiphyte and from epiphyte to pathogen) demand that genes required for their sustenance be regulated both tightly and rapidly. To meet these challenges, these bacteria have evolved to recognize environmental signals and to modulate gene expression accordingly. It is therefore no surprise that DC3000 produces or has the potential to produce a plethora of transcriptional factors, as is evident from the observation that over 12% of its genome (711 out of 5,763 total open reading frames [ORFs] ) has been assigned to gene regulation, signal transduction, and transcription (4) .
Alternate sigma factors play crucial roles in bacterial development as well as adaptations to various environmental niches, including associations with eukaryotic hosts. Both symbiotic and parasitic associations are controlled by several sigma factors. Since functions of such sigma factors are generally required under highly specialized and specific conditions, bacteria rigorously control their levels and activity. Such controls are accomplished by transcriptional and posttranscriptional regulation as well as protein-sigma factor interactions. In P. syringae pv. tomato strain DC3000, 17 ORFs are known or predicted to specify alternate sigma factors (4) . At least three of those control genes required for plant interaction: sigma-L or HrpL (an alternate sigma factor), RpoN (RNA polymerase sigma-54 factor), and AlgT (ϭ AlgU or SigE) (a member of the extracytoplasmic function family of sigma factors). Although RpoS in plant-pathogenic pseudomonads has received little or no attention, based upon studies with Pseudomonas aeruginosa and Escherichia coli, it is safe to conclude that this sigma factor may play an important role in secondary metabolite production and bacterial ability to cope with various stresses.
Most plant-pathogenic Pseudomonas species, including P. syringae pv. tomato strain DC3000, produce N-acyl homoserine lactone (AHL) (22, 30, 53, 54, 56) , a putative quorum-sensing signal. Indeed, a search of the genome sequence databases for several plant-pathogenic Pseudomonas species revealed the existence of ORFs corresponding to LuxI-like proteins (PsyI of P. syringae pv. tomato [Pspto_3864], AhlI of P. syringae pv. syringae [Psyr_1621], AhlI of P. syringae pv. phaseolicola [Pspph_1614] , and PsmI of P. syringae pv. maculicola [accession no. AF234628]) which function as AHL synthases and LuxR-like proteins (PsyR of P. syringae pv. tomato [Pspto_3863], AhlR of P. syringae pv. syringae [Psyr_1622], AhlR of P. syringae pv. phaseolicola [Pspph_1615] , and PsmR of P. syringae pv. maculicola [accession no. AF234628]) predicted to specify a LuxR family AHL receptor. The production of a single AHL species by four strains of P. syringae pv. tomato (12) and the absence of paralogs of psyI and psyR in the DC3000 genome database strongly suggest a lack of redundancy in the production of the putative quorum-sensing signal in these strains, as noted for many other bacteria (51, 53, 56) . Northern blot analysis of total RNAs also revealed the presence of a single psyI RNA and a single psyR RNA (each ca. 800 bases) in DC3000 (8) . Although psyI and psyR sequences overlap in DC3000, they are expressed as independent transcriptional units.
Compared to those of P. aeruginosa (22, 36, 46, 55, 57) , AHL-producing systems of P. syringae pathovars have received less attention. However, several regulators that control AHL production have been identified: GacS/GacA, members of a two component system (8, 38) , as well as RNA-binding proteins and RNA regulators (7) . Moreover, as in P. syringae pv. syringae (11) and P. aeruginosa (36) , AHL production in DC3000 is autoregulated (A. Chatterjee et al., unpublished data). The presence of a LUX box in front of psyI of DC3000 also supports the notion that it is controlled by PsyR.
AHL production in P. syringae pv. syringae strain B728a is partially dependent on AefR (autoinducer and epiphytic fitness regulator), a member of the TetR family (38) . This is an important finding as it demonstrates coregulation of AHL production with genes for the epiphytic state of this bacterium. Since a homolog of aefR is present in the DC3000 genome (Pspto_3549; 90% identity and 95% similarity), a similar regulatory effect is predicted to occur in P. syringae pv. tomato. P. aeruginosa strain PAO1 also has a putative ortholog of aefR (28% identity and 47% similarity), but its role in AHL production has not been assessed.
In P. aeruginosa and P. putida (3, 53, 58) , RpoS has been found to control AHL production. By contrast, a similar regulatory effect of RpoS on AHL production in P. syringae has not yet been established. An RpoS Ϫ mutant of P. aeruginosa shows elevated levels of rhlI (the gene encoding RhlI, which is required for synthesis of N-butyryl homoserine lactone and RhlI-generated AHL production but, notably, no effect on transcripts of rhlR (encoding RhlR, a transcriptional activator that responds to N-butyryl-homoserine lactone) (58) . An RpoS-deficient strain of P. putida WCS358 expressed higher levels of ppuI and produced more AHL than the RpoS ϩ strain (3). However, Girard et al. (15) reported that in a poor medium (MVB1), RpoS positively regulates N-hexanoyl-L-homoserine lactone production in Pseudomonas chlororaphis PCL1391. This observation raises the possibility that the effects of RpoS on AHL production may vary under different growth conditions, including medium, temperature, and pH.
Recent studies with P. aeruginosa, P. putida, and P. chlororaphis have disclosed the presence of PsrA (Pseudomonas sigma regulator), a transcriptional factor that controls rpoS expression as well as AHL production (10, 15, 25, 27) . Examination of whole-genome sequences of three P. syringae pathovars revealed the presence of PsrA orthologs. We have extended this observation by examining the characteristics of PsrA of P. syringae pv. tomato strain DC3000. We document that DC3000 PsrA is a DNA-binding protein and that it positively controls RpoS production. Our findings for the first time document a negative effect of PsrA on expression of aefR and rsmA1, the gene for an RNA-binding protein, and positive effects on hrpL. A mutant deficient in PsrA produces reduced levels of hrpL transcript, fails to elicit a hypersensitive reaction (HR) at low cell concentration, and is attenuated in its virulence in tomato leaves. Moreover, we show that the PsrA effect on AHL production in DC3000 results from its cumulative effects on AefR and RpoS and that this response is different from those reported for P. aeruginosa, P. putida, and P. chlororaphis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids are described in Table 1 . All the wild-type strains were maintained on KB or LB agar. The strains carrying antibiotic markers were maintained on KB or LB agar containing appropriate antibiotics.
The compositions of KB and LB media have been described in previous publications (6, 8) . The Hrp-inducing medium was made as described by Huang et al. (19) , and MGY medium was as described by Keane et al. (23) . When required, antibiotics were added as follows: ampicillin, 100 g/ml; kanamycin, 50 g/ml; rifampin, 100 g/ml; spectinomycin, 50 g/ml; and tetracycline, 10 g/ml. Media were solidified using 1.5% (wt/vol) agar.
Sequence alignment. Sequence alignment was performed using ClustalW at www.expasy.ch, and default parameters were used. Domain searching was performed using rpsblast at www.ncbi.nlm.nlh.gov/Structure/ccd/wrpsb.cgi.
DNA techniques. Standard procedures were used for the isolation of plasmid and chromosomal DNAs, gel electrophoresis, and DNA ligation (41 plasmids were obtained from a DC3000 genomic library by PCR using genespecific primers which were designed based on nucleotide sequences of those genes in GenBank. The DNAs of the psrA ϩ , aefR ϩ , and rpoS ϩ plasmids were then mutagenized using the EZ:TNͳKAN-2ʹ insertion kit (Epicenter Biotechnologies, Madison, WI). Mutants were constructed by marker exchange of DC3000 with inactivated psrA, aefR, and rpoS plasmids. The procedures for marker exchange have been described by Chatterjee et al. (6) . Inactivation of psrA, aefR, and rpoS in mutants was confirmed by PCR and Northern blot analysis.
Construction of psrA ؉ plasmid pAKC1254 and of psyI-lacZ, psyR-lacZ, psrAlacZ, aefR-lacZ, and rpoS-lacZ fusions. A DNA fragment containing the entire ORF of psrA of DC3000 was PCR amplified from chromosomal DNA and cloned into pMMB66EH⍀ behind ptac to yield pAKC1254. To construct psyI-lacZ, psyR-lacZ, psrA-lacZ, aefR-lacZ, and rpoS-lacZ fusions, PCR-amplified DNA fragments containing upstream DNAs of psyI (nucleotides [nt] Ϫ799 to ϩ73), psyR (nt Ϫ645 to ϩ47), psrA (nt Ϫ406 to ϩ41), aefR (nt Ϫ401 to ϩ49), and rpoS (nt Ϫ550 to ϩ37) were cloned into pMP220 to yield pAKC1255, pAKC1256, pAKC1257, pAKC1258, and pAKC1259, respectively. The numbers correspond to the putative translational start site.
Northern blot analyses. Bacterial cultures were grown at 28°C in KB medium to a Klett value of ca. 500 or to a Klett value of 100 and then switched into Hrp-inducing medium for an additional 2 h of incubation (for hrp and hop genes). Total RNA isolation and Northern blot analysis were performed as described by Liu et al. (29) . Equal loading of RNA was checked by hybridization of the blot with a probe corresponding to the 16S rRNA gene.
Expression and purification of MBP-PsrA protein.
A DNA segment containing the coding region of psrA was PCR amplified and cloned into pMAL-c2g vector (New England Biolabs, Beverly, MA) to yield pAKC1253. E. coli strain DH5␣ carrying pAKC1253 was grown in LB medium supplemented with glucose (0.2%, wt/vol) and ampicillin at 37°C. IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to yield a final concentration of 1 mM when the culture reached an A 600 of 0.7. Bacterial cells were harvested 3 hours after IPTG induction. Maltose-binding protein (MBP)-PsrA fusion protein was purified by amylose resin (New England Biolabs, Beverly, MA) affinity chromatography according to the protocol provided by the company. The protein concentration was determined by using the CB-X protein assay kit (Geno Technology, Inc., St. Louis, MO).
Gel mobility shift assays. DNA fragments of rpoS, aefR, and psrA containing the putative PsrA-binding sequences were PCR amplified using primers rpoS-1 and rpoS-2, aefR-1 and aefR-2, and psrA-1 and psrA-2 ( DNA, 2 g of bovine serum albumin, and purified MBP-PsrA protein with or without competitors. The reaction mixtures were incubated at room temperature for 20 min and subjected to electrophoresis in 5% (wt/vol) polyacrylamide gels. The gels were dried and exposed to X-ray film.
Primer extension analysis. Total RNA extracted from DC3000 grown in KB medium at 28°C to a Klett value of ca. 500 was utilized in the primer extension assays. The 32 P-labeled rpoS-3, aefR-2, and psrA-3 oligonucleotide primers (Table 2) and the primer extension system from Promega Biotec (Madison, WI) were used for assays. The extension products were run in an 8% acrylamide-urea sequencing gel. The dried gel was developed using the FLA5000 phosphorimager system (Fuji Photo Film Co., Ltd., Kanagawa, Japan).
Bioluminescence assays for AHL production. DC3000 and its PsrA Ϫ , AefR Ϫ , and RpoS Ϫ mutants were grown in KB medium to a Klett value of ca. 600. Culture supernatants were collected and assayed for AHL production using an E. coli-based bioassay system (6) . There is a liner relationship between the quantity of AHL production and the emission of bioluminescence.
␤-Galactosidase assays. Bacterial constructs were grown at 28°C in KB or LB medium supplemented with appropriate antibiotics, and cultures were used for assays as described in the table footnotes. The ␤-galactosidase assays were performed as described by Miller (31) .
HR and pathogenicity tests. Bacteria were grown on KB agar overnight at 28°C, and cells were suspended in water. The previously published procedures (8) were followed. Young, fully expanded third and fourth leaves of ca. 8-weekold Nicotiana tabacum L. cv. Samsun were used for the HR test; 1 ϫ 10 6 CFU/ml or 1 ϫ 10 7 CFU/ml of bacterial cells were infiltrated. Pictures were taken 20 h after infiltration. Pathogenicity tests were performed by dipping 4-week-old tomato (Lycopersicon esculentum cv. moneymaker) plants into bacterial suspensions (2 ϫ 10 8 CFU/ml in water containing 0.005% Silwet L-77 [Lehle Seeds, Round Rock, TX]) for 2 min. Pictures were taken 7 days after inoculation.
The experiments were performed at least two or three times, and the results were reproducible.
RESULTS AND DISCUSSION
PsrA occurs in P. syringae pv. tomato strain DC3000 and other P. syringae pathovars. Examination of whole-genome sequences of P. syringae pathovars tomato, syringae, and phaseolicola disclosed the presence of ORFs corresponding to PsrA. Nucleotide and deduced amino acid sequences of DC3000 psrA (Pspto_3508), obtained from the whole genomic sequence, revealed that it encodes a protein of 238 amino acid residues with a theoretical pI of 9.47 and a molecular mass of 26.4 kDa. The helix-turn-helix motif (residues 10 to 56) of DC3000 PsrA shares high homology with the conserved region of the TetR family of bacterial regulatory proteins. DC3000 PsrA shares high homology with previously reported PsrA proteins of P. chlororaphis (accession number AAM52309; 95% similar and 92% identical), P. putida (accession number NP_744293; 96% similar and 92% identical), and P. aeruginosa (accession number AAG06394; 90% similar and 82% identical). The DC3000 PsrA protein also has very high homology with putative PsrA proteins of P. syringae pv. syringae B728a (accession number YP_236352; 99% similar and 98% identical), P. syringae pv. phaseolicola 1448A (accession number AAZ33298; 98% similar and 97% identical) and P. fluorescens Pf-5 (accession number AAY91237; 95% similar and 92% identical).
To assess the presence of psrA orthologs in other plantpathogenic and plant-associated Pseudomonas species, we conducted Southern blot analysis of EcoRI-digested chromosomal DNAs with psrA DNA of DC3000 as the probe. The results in Fig. 1 show that psrA orthologs occur in strains of P. syringae pathovars maculicola, phaseolicola, glycinia, and syringae; P. corrugata; P. tabaci; P. viridiflava; P. savastanoi; P. aeruginosa; and P. fluorescens.
The high degree of genetic conservation raised the possibility that PsrA controls important biological functions in those plant pathogens, as in environmentally significant pseudomonads. To test this idea, we made a PsrA Ϫ mutant of DC3000. We discuss below the results of our comparative studies with PsrA ϩ DC3000 and its PsrA Ϫ derivative.
Effects of PsrA
؊ deficiency on the capacity to elicit the HR and pathogenicity. The results in Fig. 2A show that DC3000 elicited the typical HR symptom in tobacco leaf (site 1), whereas the PsrA Ϫ mutant (site 2) failed to elicit the HR when the leaf was infiltrated with 1 ϫ 10 6 CFU/ml of bacterial cells. However, both the parent and the mutant induced the HR symptoms at a higher cell concentration (i.e., 1 ϫ 10 7 CFU/ml) (Chatterjee et al., unpublished data). Northern blot analysis of total RNAs extracted from bacterial cells after 2 hours of incubation in Hrp-inducing medium revealed that transcript levels of hrpL as well as several hrp and hop genes, including hrpA, hrpZ, hopP to hopK, and hopP to hopJ, were lower in the PsrA Ϫ mutant than in DC3000 (Fig. 2B ). Previous studies on hrpL and the whole array of effector genes it controls (13, 28, 50) raised the possibility that the FIG. 1. Southern blot analysis using the psrA ϩ DNA probe from P. syringae pv. tomato strain DC3000 under high-stringency conditions. Lane 1, P. syringae pv. tomato strain DC3000; lane 2, P. syringae pv. maculicola strain ES4326; lanes 3 to 6, P. syringae pv. syringae strains B3A, B456, B728a, and 301D, respectively; lane 7, P. syringae strain BR2R; lanes 8 to 10, P. syringae pv. phaseolicola strains 1448A, PDDC3019, and PM132, respectively; lane 11, P. corrugata strain 0782-6; lane 12, P. tabaci strain Rif5; lanes 13 PsrA Ϫ mutant, due to its reduced level of hrpL expression, may affect virulence. To test this, we dip-inoculated leaves of 4-week-old tomato plants with cell suspensions (2 ϫ 10 8 CFU/ ml) of DC3000 and its PsrA Ϫ mutant. Four days after inoculation, disease symptoms appeared only on leaves inoculated with DC3000. The symptoms were visible after 5 days on leaves inoculated with the PsrA Ϫ mutant, but the severity was much reduced compared to that with DC3000. The results in Fig. 2C show that the symptoms were less severe than those of DC3000 at 7 days after inoculation. Moreover, the symptoms appeared on many more leaves inoculated with DC3000 (93 out of 153 leaflets [61%] had symptoms) than on those inoculated with the PsrA Ϫ mutant (31 out of 123 leaflets [25%] had symptoms).
The effects of PsrA on expression of hrpL are novel. Recent studies have established a major regulatory role of HrpL in the expression of many hrp, hrc, and hop genes and virulence effector genes (5, 13, 28, 50) . The negative effects of PsrA mutation on expression of hrpA, hrpZ, hopP to hopK, and hopP to hopJ as well as the inhibition of the HR and pathogenicity are consistent with the lower transcript levels of hrpL. Shen et al. (45) also reported that PsrA is required for the full activation of transcription of the type III secretion system regulatory operon exsCEBA and effector exoS in Pseudomonas aeruginosa. These findings collectively suggest that PsrA is involved in full expression of effectors of the type III secretion system as well as the secretion pathway.
To determine if PsrA binds hrpL DNA to repress its expression, we performed a gel shift assay. We did not detect binding of purified MBP-PsrA protein with hrpL upstream DNA. The absence of a consensus PsrA-binding site upstream of hrpL was consistent with this observation. This suggested that the effect of PsrA on the hrpL gene is indirect. In this context, we have previously documented that rsmA1 (the gene encoding an RNA-binding protein which promotes mRNA decay) negatively regulates the expression of hrpL and other hrp and hop genes as well as elicitation of the HR (7). We therefore predicted that PsrA activated rsmA1, which, in turn, has a negative effect on expression of hrpL and other hrp and hop genes. Indeed, the results (Fig. 2D) show that the levels of the rsmA transcript are higher in the PsrA Ϫ mutant than in the parent. Thus, the effects of PsrA on expression of hrp, hop, and the HR may be at least partially due to overexpression of rsmA1 in the PsrA Ϫ mutant. Expression of psrA is autoregulated in DC3000. To test the expression of psrA, a transcriptional psrA-lacZ fusion plasmid was transferred into DC3000 and its PsrA Ϫ mutant. The ␤-galactosidase assay results (Table 3) revealed that expression of the psrA-lacZ fusion in the PsrA Ϫ mutant is higher than that in DC3000. Furthermore, E. coli strain MC4100 carrying the psrA-lacZ fusion along with a psrA ϩ plasmid produced much lower levels of ␤-galactosidase activities than MC4100 carrying the psrA-lacZ fusion and vector (Table 4) . These data clearly demonstrate that (i) there is a high basal level of psrA expression and (ii) expression of psrA is negatively autoregulated (10, 27) . Effects of PsrA on expression of aefR. aefR is a tetR-like regulatory gene first identified in P. syringae pv. syringae, and it is known to control epiphytic fitness and AHL production (38) . Northern blot analysis (Fig. 3) revealed that the PsrA Ϫ mutant of DC3000 produced higher levels of the transcript of aefR than the parent. In addition, ␤-galactosidase assay results (Table 3) revealed that the expression of the aefR-lacZ fusion in the PsrA Ϫ mutant was higher than that in DC3000. Moreover, the levels of ␤-galactosidase activity produced by MC4100 carrying the aefR-lacZ fusion and the psrA ϩ plasmid were lower than those produced by MC4100 carrying the aefR-lacZ fusion and the vector (Table 4) .
It is well established that P. syringae strains sustain alternating life styles as pathogens, epiphytes, and commensals. The epiphytic phase of P. syringae is considered one of the first steps in the infection process (1, 18) . Studies with P. syringae pv. syringae strain B728a revealed that epiphytes can occur in aggregates comprising large populations of cells. Under desiccation stress, the aggregates have a greater ability to survive on leaves than solitary cells (32, 33, 34 ). An AefR Ϫ mutant of B728a produced reduced levels of AHL, and it was found to be less fit for stress survival than the wild-type parent B728a (38) . Our studies revealed that AefR of DC3000 (Pspto_3549) shares high homology with that of P. syringae pv. syringae strain B728a (90% identity and 95% similarity) and possesses a helixturn-helix motif (residues 11 to 57) which is highly similar to those found in the TetR family transcriptional regulators. We have established a negative effect of PsrA on expression of aefR. In addition, compared to DC3000, an AefR Ϫ mutant produced lower levels of psyI and psyR transcripts as well as AHL (see below). These data indicate a positive effect of AefR on AHL production in DC3000. How AefR controls the levels of psyI and psyR expression awaits clarification. While we do not have direct evidence for AefR controlling epiphytic fitness in DC3000, based on the high homology of the aefR products of B728a and DC3000 as well as the close relationship of those two strains, we predict that AefR of DC3000 also plays an important role in epiphytic fitness, possibly through its effects on AHL production.
Effects of PsrA on expression of rpoS. Northern blot analysis (Fig. 3) revealed that the levels of rpoS transcripts are much reduced in the PsrA Ϫ mutant compared to DC3000. The ␤-galactosidase assay results (Table 3) for DC3000 and its PsrA Ϫ mutant carrying the rpoS-lacZ fusion plasmid also revealed that the expression of rpoS-lacZ in the mutant is much reduced compared to that in DC3000. Furthermore, E. coli strain MC4100 carrying the rpoS-lacZ fusion in the presence of the psrA ϩ plasmid produced higher levels of ␤-galactosidase activities than in the absence of the psrA ϩ plasmid (Table 4 ). Our finding that PsrA positively controls rpoS expression in DC3000 was expected, since similar effects of PsrA on rpoS have been found in P. aeruginosa and P. putida (2, 25, 27, 52) . RpoS is a stationary-phase alternative sigma factor, and it has been shown to be a global regulator in Pseudomonas species such as P. aeruginosa, P. putida, P. chlororaphis, and P. fluorescens (15, 40, 42, 49) . Moreover, RpoS plays important roles as a regulator of virulence factors, secondary metabolites, or stress adaptation in those Pseudomonas species (3, 15, 17, 21, 35, 44, 48) . However, Jorgensen et al. (21) reported that the requirement of RpoS for stress resistance, such as resistance to heat, high osmolarity, low pH, H 2 O 2 , and ethanol, is less pronounced in P. aeruginosa than in E. coli. It seems likely that in pseudomonads RpoS plays more specific roles related to virulence and colonization by modulating the overall cell-densitydependent expression of virulence determinants. This idea is supported by the observation that RpoS negatively regulates transcript levels of rhlI (the gene encoding RhlI for synthesis of N-butyryl-homoserine lactone) and RhlI-generated N-butyrylhomoserine lactone production in P. aeruginosa (58) . Although RpoS function in P. syringae pathovars has yet to be understood, based upon studies with P. aeruginosa and E. coli as well as the data presented here, it is safe to conclude that RpoS may play an important role in secondary metabolite production and that this sigma factor may also affect bacterial ability to cope with various stresses. Identification of putative PsrA-binding sites in the promoter regions of rpoS, aefR, and psrA. The results of primer extension assays (Fig. 4A) revealed that the transcriptional start sites for rpoS, aefR, and psrA are located at 365, 47, and 24 bases upstream of their putative translational start sites. The consensus PsrA-binding sequence has been previously identified as C/GAAACN 2-4 GTTTG/C in P. putida (25) . Sequence analysis results (Fig. 4B) revealed the presence of well-matched palindromic sequences CAAACGGCAGTTTG, spanning nt Ϫ58 to Ϫ45 corresponding to the transcriptional start site of DC3000 rpoS, and CAAACGTTCGTTTG, spanning nt Ϫ4 to ϩ10 corresponding to the transcriptional start site of DC3000 psrA. In addition, the sequence TAAACGCACGTTTG (nt ϩ12 to ϩ25, corresponding to the transcriptional start site), with one base different from the consensus sequence, was found in the promoter region of DC3000 aefR. pressed MBP-PsrA protein after IPTG induction is ca. 77.0 kDa, which matched the mass of 26.4 kDa of the polypeptide deduced from the psrA sequence plus the mass of the MBP-␤-galactosidase ␣ fragment made from the vector. The purified MBP-PsrA protein and ␣-32 P-labeled DNA segments containing promoter regions of aefR, rpoS, and psrA were incubated in the DNA binding buffer and resolved on a nondenaturing 5% polyacrylamide gel. The results (Fig. 5) revealed that (i) MBPPsrA binds aefR, rpoS, and psrA DNA fragments; (ii) the extents of band shift are proportional to the concentration of protein added; (iii) the shifts do not occur in the presence of excess unlabeled fragments, indicating specific binding; and (iv) the binding affinity of MBP-PsrA-psrA is greater than that of MBP-PsrA-aefR and MBP-PsrA-rpoS (i.e., the psrA DNA band was completely shifted by addition of 100 ng of MBPPsrA, whereas the aefR and rpoS DNA bands were only partially shifted by addition of 100 ng or 200 ng of MBP-PsrA).
Many of the TetR family regulators act as repressors of transcription (39) . As reported above, in DC3000, PsrA negatively regulates (i) transcript levels of aefR and (ii) its own expression, like many other TetR-like transcriptional regulators. However, PsrA positively regulates transcription of rpoS in DC3000, as in P. putida and P. aeruginosa (25) . In a subsequent study, Kojic et al. (26) nt ϩ12 to ϩ25 and nt Ϫ4 to ϩ10, respectively, corresponding to the cognate transcriptional start site. In these instances PsrA presumably blocks the transcription of those genes. By contrast, in rpoS the PsrA-binding sequences are located at nt Ϫ58 to Ϫ45 upstream of the transcriptional start site, which would be consistent with its activator function as clearly established by genetic data. Effects of PsrA on transcript levels of psyI and psyR and AHL production. For the assay of AHL production, DC3000 and its PsrA Ϫ mutant were grown in KB medium. Cell samples were used for total RNA extraction and culture supernatants for AHL assays. Northern blot analysis (Fig. 6A) revealed that the PsrA Ϫ mutant overproduced psyI and psyR transcripts compared to the parent. Moreover, the ␤-galactosidase assay results (Table 5 ) revealed higher levels of ␤-galactosidase activity in the PsrA Ϫ mutant carrying the psyI-lacZ or psyR-lacZ fusion than in DC3000 carrying those two fusions. Consistent with overexpression of psyI and psyR, the PsrA Ϫ mutant produced a ca. 8-times-higher level of AHL than did DC3000 (Fig. 6B) .
To explain the negative effect of PsrA on AHL production we considered two possibilities: (i) PsrA acts as a repressor by directly binding psyI/psyR promoter/regulatory regions, or (ii) it acts indirectly via regulation of expression of aefR and rpoS. A direct repressor action of PsrA on psyI and psyR seemed unlikely due to the absence of the consensus PsrA-binding site within the promoter/regulatory region of the psyI/psyR genes. Moreover, we did not observe a band shift in gel mobility shift assays with purified MBP-PsrA protein and psyI/psyR upstream DNAs (Chatterjee et al., unpublished data).
Based on those observations and for the following reasons, we shifted our focus to AefR and RpoS: (i) it has been reported that AefR positively controls AHL production in P. syringae pv. syringae (38) and that RpoS negatively regulates AHL production in P. aeruginosa (58) and P. putida (3), and (ii) our results show that PsrA binds specifically to the aefR and rpoS promoter/operator and controls the expression of those two regulator genes. Therefore, it seemed likely that the overproduction of AHL in the PsrA Ϫ mutant of DC3000 resulted from PsrA effects on AefR and RpoS. To test this possibility, we first examined the effects of AefR and RpoS on expression of psyI and psyR as well as AHL production. Northern blot analysis (Fig. 7A) revealed that (i) the levels of psyI and psyR transcripts in the AefR Ϫ mutant (lane 2) were lower and (ii) the transcript levels of psyI and psyR in the RpoS Ϫ strain (lane 3) are higher than those in DC3000 (lane 1). In addition, expression of psyI-lacZ and psyR-lacZ fusions was lower in the AefR Ϫ mutant but higher in the RpoS Ϫ strain than in DC3000 (Table 5 ). The results in Fig. 7B show that the AefR Ϫ mutant produced a lower level of AHL, whereas the RpoS Ϫ strain produced ca. 7 times more AHL than DC3000.
We then determined if rpoS and aefR regulate each other or psrA. The results of our Northern blot analysis (Fig. 8A and  8B ) and ␤-galactosidase assays of aefR-lacZ and rpoS-lacZ fusions (Table 3) A model depicting the regulatory effects of PsrA in P. syringae pv. tomato strain DC3000. PsrA positively controls transcription of rpoS and negatively regulates expression of aefR by binding to their promoter/ operator. RpoS has a negative effect, whereas AefR has a positive effect, on AHL production and on transcript levels of psyI and psyR. RpoS and AefR do not regulate each other. Thus, the PsrA effect on AHL production is exerted via its cumulative, but independent, effects on both AefR and RpoS. PsrA effects on rpoS, aefR, psyI, and psyR transcript as well as AHL production are similar at different temperatures (i.e., 18°C and 28°C in KB medium) as well as in different media (i.e., in KB and MGY media). AHL production is autoregulated. The GacS/GacA system positively regulates the expression of rpoS and psyR as well as AHL production (8) . The GacS/GacA system does not have a significant effect on psrA and aefR transcripts. PsrA negatively regulates expression of rsmA1, which, in turn, affects the transcript levels of hrpL (7) . HrpL is required for expression of hrp, hop, and avr genes as well as virulence and elicitation of the HR (5, 13, 28, 50) .
Thus, these data together with the observations mentioned above that PsrA controls the expression of aefR and rpoS and AefR and RpoS regulate production of AHL strongly suggested that overproduction of AHL in the PsrA Ϫ mutant of DC3000 is attributable to its cumulative, but independent, effects on AefR and RpoS (see model in Fig. 9 ).
The following evidence, however, suggests that RpoS plays a dominant role over AefR in controlling AHL production in DC3000. The level of AHL produced by the RpoS Ϫ mutant is about 7 times higher and is very close to the level of AHL in the PsrA Ϫ mutant, which is ca. 8 times higher than that in DC3000 ( Fig. 6B and 7B ). Northern blot analysis (Fig. 3) revealed that the transcript levels of rpoS are much reduced in the PsrA Ϫ mutant compared to in DC3000, i.e., that expression of rpoS is tightly controlled by PsrA.
We have established for the first time that RpoS negatively controls the expression of psyI and psyR as well as production of AHL in P. syringae. Our recent observations (Table 6 ) revealed that the ␤-galactosidase level of psyI-lacZ in a PsyR Ϫ mutant is much lower than that in PsyR ϩ DC3000. Inactivation of rpoS in this PsyR Ϫ mutant (RpoS Ϫ PsyR Ϫ ) did not restore the expression of psyI-lacZ, whereas RpoS deficiency in a PsyR ϩ background (RpoS Ϫ PsyR ϩ ) stimulated the psyI-lacZ expression. These results strongly suggest that RpoS regulates psyI expression via suppression of psyR. However, how RpoS regulates the expression of psyR remains unknown. This lack of understanding notwithstanding, our studies document a primary effect of RpoS on psyR, a gene for a LuxR-type regulator, and not on psyI, a gene for an AHL synthase. In fact, our observations indicate that psyI transcription in DC3000 requires PsyR as well as AHL, which is consistent with the LUX paradigm (30) . Our results with RpoS contrasts with those reported for P. aeruginosa (58) and P. putida (3) , where the negative effects of RpoS were found to be manifest at the level of genes for AHL synthases (rhlI for P. aeruginosa and ppuI for P. putida) and not with the genes for the cognate LuxR-type transcriptional regulators.
In conclusion, we have documented that through its effects on AefR and RpoS, PsrA controls AHL levels as well as factors responsible for epiphytic fitness. Our data show that PsrA controls effector production by modulating the levels of HrpL. These findings, along with the evidence presented for P. syringae pv. syringae (37) that AHL controls bacterial movement, polysaccharide production, symptom development, and stress tolerance, allow the prediction that PsrA-mediated regulation has important ramifications in plant interaction, ecological fitness, or niche adaptation of P. syringae pathovars. 
